INTRODUCTION
Optical ultrasonic sensors have been commonly used in research laboratories long before Monchalin's classic review paper entitled "Optical Detection of Ultrasound" [1] in 1986 and yet, optical ultrasonic sensors have not made a successful transition from the laboratory to industry. This sensing technology has had plenty of time to mature. In fact, the components which comprise the optical sensors have been significantly enhanced during this time period. Despite the large gains in gas laser, solid state laser, diode laser, photo diode, fiber optic, non-linear optic, electronic design, data acquisition, and general sensing technology since 1986, optical ultrasonic sensors have not made it out of the laboratory and into industry.
The failure of these optical sensors to become practical for industrial use has not been due to their achievable resolution and signal to noise ratio. Their failure in the industrial world has been a matter of reliability and practical implementation. Most optical sensing techniques have a notorious reputation in industry for their precision optical alignments, delicate hardware, inflexibility and lack of robustness. For these reasons the goals of the research presented in this paper are not to improve the sensor's resolution and signal to noise ratio but to improve the optical sensor's flexibility and robustness for industrial use. By combining the advantages of readily available equipment and a straightforward optical setup without the need for a delicate alignment, the injection locked sensor directly addresses the fundamental limitations of current optical sensors.
To meet the stated goals, this research will integrate the concepts presented in earlier research on Digital Phase Demodulation (DPD) [2] [3] [4] and in earlier research on Injection Locked displacement sensors [4] [5] [6] to show the feasibility of using an Injection Locked Laser (ILL) sensor as an ultrasonic sensor. This research will present the implementation of the ILL sensor using the Self-Mixing (SM) effect and the Phase Locking effect [4, 6] to sense ultrasonic out of plane displacements. While optical sensors [1, [7] [8] [9] [10] and SM sensors [11] [12] [13] [14] are commonly used in many laboratories, the use of injection locking and DPD for ultrasonic sensing is new. The experiments are designed to show feasibility of the ILL sensors to detect ultrasound.
INJECTION LOCKING SENSOR BACKGROUND
All lasers are affected by light which is diffusely backscattered from optical components into the laser cavity. A small fraction of the nominal light intensity emitted by the laser will cause amplitude, frequency and phase instabilities in the resulting laser light when this light is backscattered into the laser cavity. It is the intent of the laser sensor, shown schematically in Figure 1 , to use the laser instabilities caused by the backscattered light to sense ultrasonic displacements.
In Figure 1 , a two frequency laser is used to transform surface displacements into amplitude and phase variations in the light generated by the laser cavity. The two frequencies in the laser cavity are orthogonally polarized into horizontal and vertical modes. To a first order approximation, the two modes are uncoupled. The horizontal mode is confined to the inside of the laser housing and is used as a phase reference for the phase locking effect. The vertical mode is selected by the vertical polarizer to be the probe beam. The probe beam exits the laser and is diffusely reflected by the surface which is being monitored. A small fraction of the reflected light is backscattered into the laser cavity. This backscattered light perturbs the resonant properties of the vertically polarized mode in the laser cavity. Thus the amplitude, frequency and phase of the vertically polarized light are modulated by the change in distance from the laser to the test surface.
The two frequency laser can be used to monitor either the amplitude or the phase variations of the light exiting from the laser cavity. If the mixing polarizer is aligned with the vertically polarized frequency, then the photodiode will monitor the amplitude variations as the light exits from the laser cavity. If the mixing polarizer is oriented at 45° with respect to the vertically polarized light, then the horizontally and vertically polarized frequencies are mixed onto the photodiode. The mixing of the two frequencies of light constitutes a type of heterodyne interferometer. Thus the two frequency laser can be operated either as a homodyne interferometer using the SM effect or as a pseudo-heterodyne interferometer using the phase locking effect.
The equations that describe the amplitude and phase modulation of the laser cavity are derived from standard injection locking relations [15] which are augmented by a self-consistency condition [14] . In standard injection locking theory, the slave and injected laser fields are assumed to be slowly varying and are given by Equations (1) and (2) . Note that the reference frequency for the slave laser field is chosen to be the injected frequency Q)2.
616 where E(t) = amplitude of the slave laser in the presence of injected signal E 2 (t) = amplitude of the injected signal Ij!(t) = phase of the slave laser in the presence of injected signal 1j!2(t) = phase of the injected signal
In the sensor configuration shown in Figure 1 , there is no clear distinction (1) (2) between the slave laser and the injection laser. Hence, the laser sensor becomes an optical feedback loop and the test surface becomes an external laser cavity to form a compound laser. For the feedback loop to be in resonance (i.e. for the compound laser to lase), this self-consistency condition must be satisfied: the injected light from the test surface has to be in phase with the cavity field in the original laser cavity. The dynamics of this optical feedback loop can be determined analytically by requiring the phase and frequency of the slave laser fields to be identical to the injection laser fields in the standard injection locking equations [14] . The resulting amplitude and phase relations are given by Equations (3) and (4).
Eo slave laser wave number for co 2 (21t1A.) slave laser amplitude modulation constant reference distance from laser to test surface displacement about the reference distance free-running slave laser frequency input optical frequency energy loss rate due to external cavity coupling When the amplitude of the time-dependant displacement u(t) is small compared to the optical wavelength, ku(t) « 1, the sine and cosine functions in Equations (3) and (4) can be linearized around the optical pathlength 2ks [6] . Ultrasonic measurements can be linearized in this manner. The resulting equations predict: (a) amplitude modulation of the laser field directly proportional to the displacement and (b) time derivative phase modulation with the displacement, such that a phase demodulation will yield integrated displacements.
Equations (3) and (4) are restricted to surface motion which is slow enough so that the compound laser has enough time to reach steady state throughout the surface motion. Because of requirement for the compound laser to reach steady state throughout the ultrasonic motion, Equations (3) and (4) may not be accurate in describing the laser cavity dynamics for the laser sensor shown in Figure 1 . The time that it takes for the two frequency HeINe laser to achieve steady state after a perturbation may not be short enough to monitor the desired ultrasonic bandwidths. However, the ultrasonic measurements made by the laser sensor and presented in this paper suggest that the injection locking model represented by Equations (3) and (4) is an adequate first order description for ultrasonic bandwidths up to 5 MHz.
SELF-MIXING EXPERIMENTAL SETUP
When using the laser cavity itself as a sensor, no delicate interferometric alignments are necessary but the sensor bandwidth is proportional to the amount of light reflected back into it [4, 6] . Similarly, the displacement sensitivity for both the SM and the phase locking effects depend on the return light amplitude. Thus in order to obtain sufficient bandwidth and sensitivity to record the ultrasonic displacements, a focussed probe beam must be used. By focussing the probe beam onto the specimen's surface, more light can be directed back into the laser cavity but the laser sensor becomes more sensitive to optical alignment.
As shown in Figure 2 , the self-mixing laser sensor can be implemented as a real time measurement device. The laser is a HeINe laser with 3.5 mW maximum output power. This laser is also a two frequency laser which is required for the phase locking sensor. The light output from the laser is directed onto a glass plate which acts as a beam splitter. This light is split into two beams: a probe beam and an observational beam. The probe beam is focussed by a microscope objective onto the 8.7 x 38 x 64 mm Al block with as machined surfaces. Some of the scattered light off of the block is then reflected back into the laser cavity. The reflected light mixes with the light in the laser cavity to produce amplitude modulation of the laser intensity according to Equation (3). In self-mixing, one or both laser frequencies can be used to sense surface motion. However for the work performed in this research, only the vertically polarized frequency will be used. The horizontal laser frequency is attenuated by a linear polarizer built into the laser.
The amplitude variations in the emitted laser light are measured by monitoring the observational beam. The glass plate reflects approximately 5% of the emitted light which is then focussed onto the photodiode. The photodiode converts the light intensity fluctuations into voltage fluctuations which are amplified, low pass filtered, and then digitized.
SINUSOIDAL EXCITATION
By directly measuring sinusoidal displacements on the front face of the PZT which is excited at 1.1 MHz, the resulting measurements will indicate if the SM sensor can monitor motion in the ultrasonic frequency range without distortion. For this distortion test, the Al block in Figure 2 is replaced with the front face of the PZT. Since the front face of the PZT is made out of black ceramic, a piece of aluminum foil is placed on the front face of the PZT using shear wave couplant. This increases the surface reflectivity. The increase in reflectivity from the aluminum foil assures that the self-mixing sensor has the sensitivity and bandwidth to sense motion of the PZT above 1 MHz. Figure 3 shows the measured response of the SM sensor for sinusoidal excitation of the PZT. The PZT is driven with a peak to peak voltage of 30 V at 1.1 MHz. The measured displacements follow the PZT excitation voltage as shown in Figure 3 and are not distorted.
ULTRASONIC SENSING WITH SELF-MIXING
Since the SM sensor is capable of monitoring displacements in the ultrasonic frequency range, the transient capabilities of the self-mixing sensor will be tested by using pulsed ultrasound. The SM sensor is used to monitor surface displacements in the Al block as shown in Figure 2 . The ultrasound is generated in the Al block by pulsing the PZT with the pulser/receiver. The measured displacements are shown in Figure 4 for two different trials, SM-I, SM-2. The problem of changing sensor sensitivity is demonstrated in Figure 4 since the polarity of the measured displacements for the two trials are reversed. Although the ultrasonic displacements have different polarity, the time of ultrasonic arrivals between the two trials remain the same. Figure 4 shows that the sensor detects the first ultrasonic arrival (PI) at t ~ 6 ~, the first reflection (P2) at ~ 8.8 ~s, and the second reflection (P3) at ~ 11.6 ~ in the top trace.
PHASE LOCKING EXPERIMENTAL SETUP
The phase locking equipment necessary to determine the proof of concept for ultrasonic sensing is presented in this section. The schematic of the phase locking sensor system is shown in Figure 5 and the theory of operation is presented in references [4] and [6] . The main difference between the phase locking system shown and the self-mixing system shown in Figure 2 is the value of the cutoff frequency of the low pass filter. In the self-mixing system any signal above 10 MHz is filtered out leaving the only the SM signal. In the phase locking sensor, a linear polarizer is added to increase the carrier signal strength which is generated by the mixing of the two laser frequencies onto the photodiode. An analog mixing system is added to lower the 640 MHz Heterodyne Beat Frequency (HBF) to a value under 50 MHz for adequate digitization of the carrier signal.
ULTRASONIC SENSING WITH PHASE LOCKING
The ultrasonic sensing capabilities of the phase locking sensor are demonstrated by monitoring the through thickness propagation of a longitudinal pulse in an Al block with the experimental setup shown in Figure 5 . Surface motion of the block caused by ultrasonic propagation is monitored by the phase locking sensor. The output from DPD of the modulated carrier is shown in Figure 6 and these measurements can be compared with the measurements shown in Figure 4 . The integrated displacements shown in Figure 6 have been corrected for a linear variation. The linear variation in the integrated displacements is due to the inaccuracy in the calculated HBF used in the self referencing scheme [2] [3] [4] . The ultrasonic signals PI and P2 are clearly defined; however, it is unclear what is causing the large amplitude low frequency variation. The low frequency variation may be due the laser cavity not being able to respond to the transient perturbation caused by the ultrasonic displacements. The perturbations caused by the ultrasound may not meet the quasi static assumptions made in the derivations of the phase locking theory [4, 6] .
The HBF of the modulated carrier is near 16 MHz and is digitized at a rate of 1 GSa/s. The effective sample rate of the signal shown in Figure 6 is 16 MSa/s and the length of the signal acquisition window is limited by the time it takes to digitize 8192 samples at 1 GSa/s. The effective sample rate of the measured data can be increased by increasing the HBF of the modulated carrier at the expense of displacement resolution [2] [3] [4] .
In Figure 6 , the transducer is pulsed near 1.1 ~ and the first ultrasonic arrival (PI) comes approximately 1.4 ~ latter at 2.5~. The first ultrasonic reflection (P2) from the free surface can be seen at 5.3~. The arrival times and ultrasonic waveform shapes are comparable to the optical measurements in Figure 4 . The measurements shown in Figure 6 are adequate to demonstrate the feasibility of using the phase locking sensor as an ultrasonic sensor.
From Equation (4), the measured response of the phase locking sensor is dependent on the amount of light backscattered into the laser cavity. Thus the sensor sensitivity will vary proportionately with the amount of light scattered back into the laser cavity. Although the output sensitivity of the sensor varies with the return light amplitude, the polarity of the measured signal will remain the same. All of the ultrasonic measurements made with the phase locking sensor displayed the first arrival of the longitudinal wave as a downward spike as shown in Figure 6 . While the amplitude of the DPD output may be ambiguous, the direction of motion is not.
SUMMARY
The proof of concept of using the SM and the phase locking effects in ILL sensors for ultrasonic sensing has been demonstrated. A homodyne sensor and a pseudo-heterodyne sensor are implemented using a two frequency stabilized laser. The homodyne interferometer makes use of the self-mixing effect inside a laser cavity while the heterodyne interferometer makes use of the phase locking effect. Both sensors have the resolution and bandwidth for the single shot detection of pulsed ultrasound with a minimum frequency content of 5 MHz in an as machined aluminum block. The advantages of the self-mixing sensor are that it is a real time technique and amplitude demodulation of the laser intensity is straight forward. Due to the homodyne nature of self-mixing, the sensitivity of the sensor varies with specimen location, therefore the polarity and magnitude of the detected signal will vary with time. By using the phase locking sensor, the direction of motion is known and a constant sensitivity with respect to the specimen's location is achieved. However, these gains are offset by the need for more complex instrumentation and demodulation techniques.
The ILL sensor has been constructed from a commercially available 3.5 mW HeINe laser. The sensor uses the diffusely scattered light from an objects surface and does not require precise or delicate alignments. Thus ILL sensors show promise in the quest to improve the flexibility and robustness of optical sensors for industrial ultrasonic measurements. 8 10 Figure 6 . Corrected surface displacements obtained by subtracting a linear displacement variation from the measured displacements in Figure 6 .l0.
